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Abstract 
The present article discusses the physics and mechanics of evaporation of pendent, aqueous 
ferrofluid droplets and modulation of the same by external magnetic field. We show 
experimentally and by mathematical analysis that the presence of magnetic field improves the 
evaporation rates of ferrofluid droplets. First we tackle the question of improved evaporation of 
the colloidal droplets compared to water, and propose physical mechanisms to explain the same. 
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Experiments show that the changes in evaporation rates aided by the magnetic field cannot be 
explained on the basis of changes in surface tension, or based on classical diffusion driven 
evaporation models. Probing using particle image velocimetry shows that the internal advection 
kinetics of such droplets plays a direct role towards the augmented evaporation rates by 
modulating the associated Stefan flow. Infrared thermography reveal changes in the thermal 
gradients within the droplet and evaluating the dynamic surface tension reveals presence of 
solutal gradients within the droplet, both brought about by the external field. Based on the 
premise, a scaling analysis of the internal magneto-thermal and magneto-solutal ferroadvection 
behavior is presented. The model incorporates the role of the governing Hartmann number, the 
magneto-thermal Prandtl number and the magneto-solutal Schmidt number. The analysis and 
stability maps reveal that the magneto-solutal ferroadvection is the more dominant mechanism, 
and the model is able to predict the internal advection velocities with accuracy. Further, another 
scaling model to predict the modified Stefan flow is proposed, and is found to accurately predict 
the improved evaporation rates.    
Keywords: Evaporation; pendant droplet; ferrofluid; ferro-hydrodynamics; Marangoni 
advection, particle image velocimetry; magnetic field 
 
1. Introduction 
Evaporative hydrodynamics, thermal and species transport in droplets involves rich and 
intriguing physics, and is of importance to a wide bevy of applications. Examples of such 
applications are in the automobile industry (fuel injection and spray) and propulsion systems [1-
3], in combustors [4], two-phase systems [5, 6], in HVAC components, etc. Evaporation kinetics 
of droplets is also of importance to pesticide fumigation [7], ink-jet printing, and manufacturing 
technologies and microscale lithography [8], etc. Hence understanding of the hydrodynamics 
heat, and mass transport associated with evaporation kinetics of droplets holds importance for 
design and development of such systems.  
Typically, droplets can be categorized into two types: pendant and sessile. For 
understanding evaporation kinetics, the pendant droplet approach has been adapted since such 
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drops resemble free-standing droplets very closely, and unlike sessile droplets, their evaporation 
behavior is independent of surface features [12-14]. Godsave [15] initially investigated the 
evaporation behavior of near-spherical droplets and reported that molecular diffusion is the 
major driving parameter behind the evaporation kinetics. The D
2
 law was introduced as a 
mathematical representation to describe the temporal variation of the diameter of the evaporating 
droplet. This observation was later confirmed by Kuz [16] and has since been a robust yet simple 
mathematical description for pendant droplet evaporation kinetics.  
Multicomponent systems have also been studied to understand the transport processes 
during evaporation or vaporization [14, 17, 18]. Among such multicomponent systems, colloidal 
complex fluids have received attention, since their thermophysical transport properties can lead 
to manipulation and altering of evaporation behavior of the fluid [9-11]. In a colloidal complex 
fluid, the presence of the dispersed phase can alter the interfacial properties [19, 20], which can 
affect the evaporation dynamics of the droplets. The evaporation of such multicomponent 
droplets presents complicated physics as the species transport is function of the diffusivities, or 
interactions, or concentrations of constituent species. Gerken et al. [21] reported that enhancing 
the concentration of dispersed particles leads to reduced evaporation rates of the colloids. It was 
argued that the agglomeration of the nanoparticles at the liquid-vapor interface of the droplet 
reduces the liquid fraction available for evaporation at the interface, leading to diminished 
evaporation rate. Chen et al. reported that the addition of particle changes the latent heat of 
vaporization of the colloidal system and changes the evaporation rate [22]. Harikrishnan et al. 
investigated the evaporation kinetics of complex fluids containing surfactants, nanoparticles, etc. 
[23]. The interplay of internal advection, Marangoni effect and Brownian transport of particles 
were shown to be responsible for the enhancement of evaporation rates.  
The transport phenomena in such complex fluid droplets can be tuned and modified as 
needed by the use of external stimulus, such as electromagnetic, thermal, optical or acoustic 
fields. Investigations by Fattah et al. have shown that complex microstructures in an elastomer 
matrix can be printed by controlling the motion of ferrofluid droplet [24].  Besides, a few studies 
have also examined the possibilities of remote actuation of ferrofluid droplets by a combination 
of uniform and non-uniform magnetic field strength [25, 26]. It has been shown that 
electromagnetic fields can induce a surface energy gradient, which can modify the interfacial 
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tension gradient on the liquid, thus enabling actuation of a droplet along surface [27-29]. Havard 
et al. reported the breakup of a ferrofluid pendant droplet under the influence of a horizontal 
magnetic field and discussed the evolution of droplet shapes due to the field effects [30]. Droplet 
evaporation of paramagnetic solutions under the influence of magnetic field shows that magneto-
solutal advection within the droplet leads to augmented evaporation [31].  
The present article focuses on the physics of evaporation of ferrofluids in the presence of 
magnetic field. Pendant droplets have been considered to eliminate the role played by the wetting 
interactions of the droplet with the substrate and focus on the role of the magnetic field. 
Experiments are performed to understand the roles played by the magnetic properties of the 
ferrofluid, concentration of the magnetic nanoparticles, and the magnetic field intensities in 
altering the evaporation kinetics. The role of the surface tension and diffusion driven evaporation 
behavior under field effect have been explored. Particle image velocimetry (PIV) has been done 
to qualitatively and quantitatively understand the nature of internal hydrodynamics within such 
droplets and their role in modulating the evaporation process. The internal hydrodynamics is 
proposed to be borne of the ferro-advection in the ferrofluid due to the magnetic field 
environment. An analytical scaling analysis has been proposed to determine the dominant 
governing parameter responsible for such changed evaporation behavior. A scaling model to 
predict the modified evaporation rates has also been proposed. The findings may have important 
implications in microhydrodynamics systems with magnetic components and actuation.   
 
2. Materials and methodologies 
Three different magnetic nanoparticles (MNPs) - Fe2O3, Fe3O4, and NiO (the first two procured 
from Alfa Aesar, India and the last from Nanoshel, USA) have been used to synthesize the 
ferrofluids. Figure SF1 (refer supplementary information) illustrates the High-Resolution 
Scanning Electron Microscopy (HRSEM) images of different MNPs and discusses their 
morphologies. Fig. SF2 (supplementary information) illustrates the magnetization curves (M-H) 
of the MNPs at 300 K and discusses the magnetic properties of the particles. Anhydrous MNPs 
were dispersed in deionized water and were mechanically stirred for 1 hour. Next, the ferrofluids 
were ultra-sonicated for 2–3 h (Oscar Ultrasonics, India) to form homogeneous complex fluids. 
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No macroscale agglomeration or sedimentation was noticed in the ferrofluids for 1-2 days, which 
is significantly large compared to the experimental time span. The ferrofluids were also visibly 
stable when subjected to uniform magnetic fields up to ~ 0.24 T during the experiments. 
 
Figure 1illustrates the experimental setup used in the present study.  The pendant droplets 
were generated using a precision syringe pump (New Era Pump Systems Inc., USA) connected 
to a flexible drip tube, with a 27 gauge needle at the other end. The pendant droplet (diameter 
~2.8 ± 0.2 mm) is suspended from the tip of the needle. The droplet was positioned at the center 
of the poles of an electromagnet (Holmarc Optomechantronics, India) which was controlled by a 
digitized current source (Polytronic Corporation, India). A precision gaussmeter was used to 
initially calibrate the magnetic field strength at the center of the poles with respect to the applied 
current. Three field strengths, viz. 0.08, 0.16 and 0.24T have been studied in the present case. At 
fields of 0.3 T or above, the pole shoes exhibit mild heating, which will modify the evaporation 
rates, and hence the experiments were limited to 0.24 T. 
 
 
Figure 1:  Schematic of the experimental setup  (1) acrylic chamber, (2) electromagnet with 
gaussmeter, (3) power supply to electromagnet, (4) LED array for backlight illumination, (5) 
LED array controller, (6) micro-liter syringe pump, (7) flexible tubing and needle system to 
generate pendant droplet, (8) gaussmeter control unit,  (9) CCD camera with long distance 
microscope lens, (10) digital thermometer and hygrometer, (11) computer system for camera 
control and data acquisition. 
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The droplet and electromagnet assembly was placed within an acrylic enclosure to 
prevent ambient disturbances. The temperature and humidity in the chamber (measured ~ 10 mm 
away from the droplet with a probe) were noted as 24 ± 2 
o
C and 53 ± 3 % during all the 
experiments. A charge coupled device (CCD) camera (Holmarc Opto-Mechatronics, India) with 
a long-distance microscope lens was used to image the evaporation process. A diffused (to 
suppress direct radiant heating of the droplet) LED array was used as the backlight.  The images 
were analyzed in the open-source processor ImageJ. Infrared imaging of the evaporating droplets 
has been done to assess the thermal state of the droplet under magnetic field. The thermal camera 
(FLIR T650sc) has 640 × 480 pixel array with a thermal sensitivity of ± 0.02 °C at 30°C, and a 
spectral range of 7.5 - 14 µm.  
 
Flow visualization and quantification within the droplet was done using particle image 
velocimetry (PIV). Neutrally buoyant fluorescent seed particles (polystyrene, diameter ~10 µm, 
Cospheric LLC, USA) were dispersed in the dilute Fe2O3 ferrofluids (for visualization with 
minimal noise). A continuous wave laser (532 nm wavelength, maximum power 10 mW, 
Roithner GmbH, Germany) has been used as the illumination source. A cylindrical lens was used 
to generate a light sheet (~ 0.5-0.75 thick), which was focused at the vertical mid-plane of the 
droplet. The PIV was done during the first 5 minutes of the evaporation process to eliminate 
artefacts due to change in ferrofluid concentration. The PIV was done at 20 fps, with a camera 
resolution of 2048 x 2048 pixels, for 60 seconds, and with interrogation resolution of ~ 200 
pixels/mm. The images were post-processed using the open-source PIV-lab [32, 33]. Standard 
noise suppression algorithms were used to obtain better SNR. Standard intensity capping 
algorithms were used to improve the intensity of the seeding pixels. A 4 pass cross-correlation 
scheme was employed, with consecutive interrogation windows of 64, 32, 16 and 8 pixels. 
Correlation coefficients of ~ 0.75 were ensured during the post-processing.  
 
3. Results and discussion 
3.A. Evaporation kinetics of ferrofluids under magnetic field constraint 
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Figures 2(a) and 2 (c) illustrate the variation of the non-dimensional square of the droplet 
diameter (
2
2
0
D
D
  ) for 0.1 wt. % Fe2O3 and 0.01 wt. % Fe3O4 ferrofluids with the time scale (
2
0
t
D
  ). 0D  represents the initial diameter of the droplet and D is the instantaneous droplet 
diameter. Since only the water evaporates from the droplet, the D
2 
law (eqn. 1) (Abramzon and 
Sirignano [34]) holds true. 
1 k              (1) 
In eqn. 1, k is the evaporation rate constant. It can be observed from fig. 2 that the ferrofluids 
evaporate faster than the water droplet. With the application of the magnetic field, the increment 
in the evaporation rate further enhances, as a direct function of the field strength.  
 
The variations of the evaporation rate constant (k) due to magnetic field stimulus for 
Fe2O3 and Fe3O4 ferrofluids are illustrated in figs. 2 (b) and 2 (d). The evaporation kinetics of 
NiO ferrofluids has been illustrated in fig. 3 (a). Comparison of the augmented evaporation rates 
of different ferrofluids (all 0.05 wt. %) due magnetic field has been shown in fig. 3 (b). Upon 
drawing parallels between fig. 3 (b) and fig. SF2 (supporting information), it may be inferred that 
improvement of evaporation rate under magnetic field effect is directly proportional to the 
magnetization of the constituent particle phase. This brings to the forefront the possible role of 
Lorentz forces on the ferrofluid on the modulation of the evaporation behavior. With an 
understanding of the nature in which ferrofluids may evaporate faster compared to the base fluid, 
the next component shall be to discuss the mechanism of further improved evaporation due to 
external magnetic fields.  
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Figure 2: (a) Evaporation characteristics of Fe2O3 ferrofluids (0.1 wt. %), (b) comparison of 
evaporation rates of different concentrations (0.01 and 0.1 wt. %) of Fe2O3 ferrofluids at different 
magnetic field intensity, (c) same as (a) but for Fe3O4 ferrofluids (0.01 wt. %), (d) same as (b) 
but for Fe3O4 ferrofluids 
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Figure 3: (a) Evaporation characteristics of NiO ferrofluids (0.05 wt. %) (b) comparison of 
evaporation rates of different ferrofluids (0.05 wt. %) as function of magnetic field intensity 
 
3.B. Role of surface tension and diffusion driven evaporation 
 
Fig. 4 (a) illustrates the surface tensions (STs) of the ferrofluids at different magnetic fields. The 
STs have been determined using the pendant drop shape analysis method.  The STs improve by 
minor amounts with the addition of particles, and it is caused by the interfacial adsorption–
desorption characteristics of the nanoparticles at the bulk and interface of the droplet [11, 19]. 
Increasing the particle concentration leads to further minor increase in the STs (fig. SF3, refer 
supplementary). Minor increase in STs due to nanoparticles signifies reduced propensity of 
evaporation as a larger surface energy barrier is to be overcome by the evaporating molecules. 
This is in contrast to the observations of enhanced evaporation. Additionally, the external 
magnetic field is noted to have no significant effect on the STs. Consequently, the evaporation 
kinetics of the ferrofluids cannot be explained by appealing to the changes in STs. 
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Figure 4: (a) Surface tension of water and 0.05 wt. % ferrofluids under magnetic field (b) 
comparison between experimental (k_exp) and theoretically predicted (k_th) evaporation rates. 
 
The contribution of diffusion driven evaporation behavior towards the enhanced 
evaporation is investigated. The theoretical diffusion-driven evaporation rate proposed by 
Abramzon and Sirignano [34] (refer supplementary for model details) has been compared with 
the experimental values in fig. 4 (b). The theory considers the diffusion of the water vapor 
molecules from the diffusion layer surrounding the droplet to the far field by virtue of the vapor 
concentration gradient. Thereby, the model agrees well with the observations for the simple 
water case. However, the model fails to predict the evaporation rates for the ferrofluids, both in 
the absence and presence of field. Since the model is deduced only for the vapor side conditions, 
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the predictions show that there are no changes apparent on the vapor side, and hence the internal 
behavior of the droplets requires to be probed.  
 
 
3.C. Internal hydrodynamics of the droplets 
 
 
Figure 5. Velocity contours and vector field within 0.01 wt. % Fe2O3 ferrofluid droplets for 
different field constraints, (a) 0T (b) 0.08T and (c) 0.16T. Only the spherical bulb region of the 
pendant has been analyzed and the neck region is not shown. All velocities are in cm/s.  
 
The internal hydrodynamics of the ferrofluid droplets during evaporation has been 
quantified (using PIV) to understand its role, if any, on the improved evaporation. Only Fe2O3 
ferrofluids (0.01 wt. %) were tested as other ferrofluids posed the problem of opacity. The PIV 
studies were carried out during the initial 5 minutes of evaporation to ensure that change in 
particle concentration does not affect the velocimetry. The velocity contours and vector fields 
obtained from post-processing are illustrated in fig. 5. The water droplets (not illustrated) do not 
exhibit any internal advection except for minor and occasional drift motion, which is in 
agreement with literature [14, 23]. 
 
 In the case of the ferrofluid droplets, (zero field), weak, albeit well-defined advection 
pattern is noticeable (fig. 5 (a)). In the presence of the magnetic field, the average velocity of 
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advection is noted to enhance and the internal flow is well-defined and consistent with time. In 
the absence of field the flow is directed from the bulb of the pendent towards the neck (fig. 5 
(a)). In the field environment (in fig. 5, the field is directed horizontally across the droplet), the 
direction of advection changes and flow occurs as shown in figs. 5 (b) and (c). This change in 
direction of advection of a conducting paramagnetic fluid is consistent with the description of 
Fleming’s right hand rule [31, 35]. Hence it is seen that the evaporation of the ferrofluid droplet 
in field environment is conjugated to increase in internal advection. Similar to the discussion on 
the improved evaporation of colloids, the circulation promotes higher shear at the liquid-vapor 
interface shrouding the droplet. The shear entrains ambient air within the vapor diffusion layer, 
constantly replenishing it, and leading to higher evaporation rate [23, 31]. However, the genesis 
of this improved advection required further analysis and probing.  
 
 
Figure 6: Infrared images of the evaporating ferrofluid droplets (0.1 wt. % Fe2O3) at, (a) 0T, (b) 
0.08T, (c) 0.16T, (d) radial distribution of non-dimensional temperature in the droplet. Here
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Fig. 6 illustrates the infrared thermography images of 0.1 wt. % Fe2O3 ferrofluid droplets 
under 0T, 0.08T, and 0.16T fields. A darker central zone appears in the zero field case. With 
increasing field magnitude, the relative darkness reduces, thereby indicating a higher value of 
temperature around the core of the droplet. Under the magnetic influence, the central portions of 
the drop acquire higher temperatures than in absence of field. Thereby the magnetic environment 
increases the radial thermal gradients within the droplet. The radial variations of the non-
dimensional temperatures within the droplet have been analyzed from the infrared images and 
are shown in fig. 6 (d). It is noted that while the thermal profiles towards the droplet surface are 
similar in nature, there is considerable difference within the inner parts of the droplet. This 
signifies that the field modulated evaporation of the ferrofluid droplet also triggers a thermal 
gradient change within the droplet. If a droplet evaporates faster, the non-dimensional thermal 
profile within the droplet must remain same as a slow evaporating droplet, under similarly steady 
conditions. The change in the thermal distribution illustrates that in addition to augmented 
evaporation kinetics, the ferrofluid droplets within magnetic field environment also exhibit 
differences in the thermal advection patterns within the droplet. Hence, analysis of the magneto-
thermal advection within the droplet is essential to probe deeper.  
 
 
3.D. Role of magneto-thermal ferro-advection  
The internal hydrodynamics in the droplet may be generated by two possible factors in the 
present case, viz. thermal and solutal gradients within the droplet and along the droplet interface. 
The shape of the pendant drop is known to induce non-uniform evaporation rates along the 
droplet surface [23, 35-37], thereby leading to thermal gradients and thereby thermal Marangoni 
advection. Additionally, the evaporation induced cooling of the droplet leads to thermal gradients 
across the droplet, leading to internal thermal advection. The thermal advection and its behavior 
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in magnetic field could be a possible responsible mechanism behind the internal 
ferrohydrodynamics.   
 
A mathematical scaling analysis (refer supplementary for detailed derivation) is 
developed to understand the role of the thermal advection, in the presence and absence of 
magnetic field. The analysis has been proposed based on similar propositions in literature [14, 
23]. The energy balance expression of an evaporating ferrofluid drop in a magnetic field 
environment is as 
,
th m
fg p c m m p f m
k A T
mh C Au T C Au T
R
 

           (2) 
where m , fgh ,  , pC , thk , and R denote the mass loss due to evaporation, enthalpy of 
vaporization, density, specific heat and thermal conductivity and instantaneous radius of the 
ferrofluid droplet, respectively.  A, mT , ,c mu , and fu represent the effective surface area of 
evaporation, the temperature difference between the droplet’s center and surface, internal 
circulation velocity due to pure thermal advection and the magnetic field induced circulation 
velocity, respectively. The left hand side of eqn. 2 represents the energy corresponding to 
evaporative mass flux, which is balanced by the sum of the heat diffusion across the droplet, the 
thermal advection contribution, and component generated due to the magneto-thermal advection.  
The internal velocity of thermal advection at zero field is expressed as 
,
T m
c m
T
u



            (3) 
where, T is the rate of change of ST due to temperature and µ is the viscosity of the ferrofluid. 
The magneto-thermal advection velocity is expressed in terms of the governing Hartmann 
number 
,c m
BMR
Ha
u


 
  
 
as [31] 
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fu ~
T mTHa
R



          (4) 
Substituting the uc,m and uf in eqn. 2, the expression becomes 
T m T
fg th m p m
T T
RRh k T C R T Ha
R
 
 
 
  
      
 
     (5) 
Introducing the thermal Marangoni number fg T
T
p
RhR
Ma
C

 
 
 
 
 
 in eqn. 6 and algebraic 
manipulation yields [31] 
 1 Prfg th m T TRRh k T Ma Ha Ma            (6) 
where Pr is the Prandtl number. For stable internal circulation MaT~80, and thus 1+ MaT ~MaT. 
Therefore, the eqn. 6 is modified as 
,Pr Pr
fg
T T T T m m
th m
RRh
Ma HaMa Ha Ma Ma
k T

   

     (7) 
where, MaT,m and Prm represent the magneto-thermal Marangoni number and the magnetic 
Prandtl number respectively.  
 
Fig. 7 illustrates the percentage contributions of each component (eqn. 2) for a 0.1 wt. % 
Fe2O3 ferrofluid droplet. The thermal diffusion has negligible contribution, while the dominant 
mode of thermal transport is due to thermal advection. This is in agreement with colloidal 
evaporation kinetics [23]. With the introduction of the magnetic field, the magneto-thermal 
advection component appears. As the field strength increases, the magneto-thermal component 
increases in magnitude at the expense of the thermal-advection component. This signifies that a 
significant portion of the energy transport mode (~ 30 % at highest field strength) is governed by 
the magneto-thermal advection within the ferrofluid droplet. Thereby magneto-thermal advection 
could be a possible genesis for the observed improvement in internal advection strength.  
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Figure 7: (a) Contribution of different mechanisms in the magneto-thermal advection model (0.1 
wt. % Fe2O3 ferrofluid), (b) contribution of different mechanisms in the magneto-solutal 
advection model (0.1 wt. % Fe2O3 ferrofluid).  
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Figure 8: (a) Phase plot of the Rayleigh and thermal Marangoni numbers for different ferrofluid 
droplets evaporating in the absence of magnetic field, (b) comparison of magneto-thermal 
Marangoni and Rayleigh number for different ferrofluid droplets evaporating in presence 
magnetic field. ‘N’ and ‘D’ lines represent the stability criteria proposed by Nield [38] and Davis 
[39], respectively.  
 
Thermal advection can be generated by the thermal Marangoni effect, or the buoyance 
driven Rayleigh effect within the droplet. The circulation velocity only due to Rayleigh 
advection within the droplet is expressed as [14] 
2
,
r
c r
g T R
u
 


           (8) 
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The Rayleigh number and the temperature difference driving the buoyant advection are 
expressed as  
2
fg
p
g RhR
Ra
C
 
 
           (9) 
2
fg
r
p
Rh
T
g R C

 
            (10) 
In eqns. 8-10, g, β, and Δ𝑇r represent the acceleration due to gravity, coefficient of thermal 
expansion of the fluid, and the temperature difference within the droplet driving the Rayleigh 
advection [23]. 
 
Since both MaT and Ra based advection is possible within the droplet, the dominant mode 
(if any) needs to be determined. According to the stability criterion proposed in literature [38], 
for a Marangoni-Rayleigh advection system,  
1
c c
Ra Ma
Ra Ma
            (11) 
where, the critical Rayleigh and Marangoni numbers (for the onset of stable advection) are 
indicated by subscript ‘c’. Fig. 8 (a) illustrates a phase plot between the MaT and the Ra for the 
ferrofluids at zero field condition. The Rac is ~ 1708, as per Chandrasekhar’s seminal stability 
theory. The stability condition for the MaC (Davis [39]) based on the energy theory approach 
shows the sufficient condition for stability on internal advection. The criteria (Nield [38]) 
however, derived from the linear stability theory, provides the paradigm of unconditional 
stability of internal thermal advection. As Mac is ~ 55 and ~ 81 as per the Davis and Nield 
criteria, respectively. Hence the probability of Rayleigh advection within the droplets being the 
dominant reason for circulation is minimal, and the Marangoni advection is the more potent 
mechanism (as the critical Marangoni value is much less compared to the critical value for 
Rayleigh advection). It is observed from fig. 8 (a) that the presence of the particles in the 
ferrofluids leads to improved MaT, however, the points lie below the regions of intermittent 
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stable circulation. This is in agreement with observations as the ferrofluid droplets show minor 
advection behavior of intermittent nature. 
Fig. 8 (b) illustrates a similar phase plot, but for ferrofluids droplets under the influence 
of magnetic field. Consequently, the effective magneto-thermal Marangoni number (MaT,m) has 
been used. To understand the role of the ferro-advection behavior, iso-Ha lines [40] have been 
incorporated in the phase plot. A large number of points now lie within the regime of partially 
stable circulation, between the Davis and Nield criteria. This signifies that the droplet exhibits 
partially stable internal advection behavior, which is in agreement with the ferro-advection 
behavior observed in the presence of magnetic field. The iso-Ha lines show that with increasing 
Ha, the points shift towards the stable advection regime. This signifies that the strength of 
thermal-ferro-advection enhances with the magnetic field parameters. However, it cannot be 
inferred at this moment if the magneto-thermal behavior is the main governing mechanism 
behind the ferro-advection.  
 
3.E. Role of magneto-solutal ferro-advection within the droplet 
 
During the evaporation, only the water vaporizes and with time, the particle concentration of the 
ferrofluid enhances. As the presence of nanoparticles improves the surface tension of the fluid, it 
signifies that the particles preferentially desorb away from the interface compared to the bulk 
[19]. Thereby a ferrofluid droplet exhibits an innate particle concentration gradient between the 
bulk and the interface, which drives the solutal advection. Further, the non-uniform evaporation 
from the prolate shape leads to concentration gradient at the interface itself, leading to solutal 
Marangoni advection. The nanoparticle concentration in the bulk is deduced from the 
instantaneous volume of the droplet (the product of the volume of droplet and bulk 
concentrationwill remain constant, CV=constant). The instantaneous ST of the ferrofluid is 
obtained by fitting the droplet shape to the Young-Laplace equation. The ST tension of the 
droplets as function of concentration and magnetic field are known from carefully designed 
experiments. The transient ST data is mathematically correlated to this dataset, and upon 
elimination of the ST component, the transient interfacial concentration of the nanoparticles is 
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obtained [31]. Figure 9(a) illustrates the transient bulk and the interfacial concentrations for 0.1 
wt. % Fe2O3 ferrofluid droplet for different magnetic field strengths.  
 
 
Figure 9: (a) The dynamic bulk and interfacial concentration nanoparticles in 0.1 wt. % Fe2O3 
ferrofluid drop during evaporation under different field strengths, (b) the difference between the 
two concentrations corresponding to the cases in (a). 
A scaling analysison the species transport within the drop is presented (refer 
supplementary for detailed discussion). The species transport balance is expressed as 
, ,
s
c s s f s s
C
m DA u A C u A C
R

            (12) 
where m , D, and sC  represent the mass loss rate due to evaporation, coefficient of diffusion of 
the nanoparticles in water, and the difference between the instantaneous bulk and interfacial 
concentrations within the droplet. ,c su is the circulation velocity due to solutal gradient only at 
zero field and ,f su is the ferro-advection velocity induced by magneto-solutal effect. 
 
The expression for circulation velocity due to the solutal gradient is expressed as [31] 
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where
c represents the rate of change of surface tension with respect to the concentration of 
nanoparticles. Substituting the expression of field induced circulation velocity ,f su (eqn. 4) and 
,c su  (eqn. 13), the eqn. 12 becomes 
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For stable advection 1 sMa ~ sMa , and the expression becomes 
,s s s s m m
s
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
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  
 
is the solutal Marangoni number and Sc is the Schmidt number. In eqn. 
15, Mas,m and Scm represent the magneto-solutal Marangoni number and the magnetic Schmidt 
number.  
 
The percentage contribution of each component of the species balance (eqn. 12) in case 
of 0.1 wt% Fe2O3 based ferrofluid is illustrated in fig. 7 (b). It is noted that the magneto-solutal 
advection or soluto-ferro-hydrodynamic component is much pronounced compared to the 
thermal counterpart (except at high field strength of 0.24 T). The scaling thereby shows that the 
solutal-ferro-hydrodynamics component is the major contributor towards the internal advection 
dynamics observed in field environment. However, since the thermo-ferro-hydrodynamic 
component is also present, additional analysis is essential to infer the dominant mode. 
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Figure 10: Phase map of MaT,m and Mas,m. The lines indicate different iso-Le stability conditions 
(Joo[41]) and iso-Ha conditions. 
The MaT,m has been compared against the magneto-solutal Marangoni numbers (Mas,m) in 
fig. 10, for different magnetic field cases, in a phase map. The stability of advection criterion 
(Joo [41]) is indicated iso-Lewis numbers (Le) lines. The criterion states that any point residing 
to the right of the Le=0 line exhibits stable internal advection. This is noted to be true for all the 
points, with the points shifting further away from the Le=0 line with increase in the Ha. The 
thermal stability map however illustrated that the thermo-ferro-advection is at best partially 
stable for all cases. This signifies that the soluto-ferro-advection is the stable advection 
component and is the genesis of the observed internal advection behavior. The iso-Ha lines 
reveal that with increasing Ha, the points shift towards higher Mas,m with reduction in the MaT,m.  
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3.F. Predicting the ferro-hydrodynamic advection velocity and evaporation rates for the 
ferrofluid droplets 
 
 
Figure 11: (a) Comparison of the predicted internal circulation velocity against experimental 
observations for 0.01 wt. % Fe2O3 ferrofluids, (b) comparison between theoretical ratio of 
evaporation rates of water and ferrofluid droplet with the experimental observations.   
 
Fig. 11 (a) illustrates the comparison of theoretically predicted and the experimentally 
observed internal circulation velocities. Since the analysis shows the magneto-solutal effect to be 
the dominant mechanism behind the internal ferro-advection, the effective magneto-solutal 
Marangoni number has been used to determine the theoretical velocities of advection. The 
experimental velocities are the spatio-temporally averaged velocities obtained from velocimetry. 
The predictability of the scaled velocity is good for all magnetic fields. However, at 0.24 T, 
reduction in the predicted velocity value is noted. At 0.24 T the magneto-thermal component is 
also fairly strong (fig. 7 a) and it is plausible that only considering the magneto-solutal advection 
velocity leads to certain errors in the prediction at high field strengths. The overall predictability 
of the model shows that the proposed scaling analysis is valid and may be used to predict droplet 
evaporation kinetics. 
To predict the evaporation rates of the ferrofluid droplets, a scaling model considering the 
Stefan flow [42] between the vapor diffusion layer shrouding the droplet and the ambient has 
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been proposed (refer supplementary information for derivation). The proposed scaling model 
relates the evaporation rates of the water and ferrofluid (indicated by subscript ‘p’) droplets as  
 
, ,
l c p
l p c p
u t
u t



            (16) 
where ξ is the ratio of the evaporation rates (k/kp). The µ, uc and t represent the viscosity, 
circulation velocity and droplet life times of the respective fluids. Fig. 11 (b) illustrates the 
comparison of the model predictions against the experimental observations. Agreement between 
the experiment and scaling model predictions further illustrates that the role of internal ferro-
hydrodynamics and its influence on the external vapor layer is the underlying mechanism behind 
the observations.  
 
Before probing into the improved evaporation rate due to the magnetic field, insight on 
the improved evaporation of the ferrofluids (at zero field) compared to water is essential. 
Evaporation kinetics of the colloidal ferrofluid is governed by many factors apart from the 
typical diffusion driven evaporation [23] in case of pure fluid droplets. Recent studies have 
reported the presence of soluto-thermal Marangoni advection cells inside evaporating pendant 
droplets of colloids [23]. The evaporating colloid droplets exhibit internal advection currents, 
which may also possess certain temporal periodicity. The ferrofluid droplets are not an exception 
to this, as evident from the flow visualization study, which shall be discussed subsequently. 
Some recent studies have explored the physics behind such advection in saline fluids [31, 35, 37] 
and the present observations can also be explained on similar grounds. The internal 
hydrodynamics shears the droplet-vapor interface, leading to entrainment of the ambient air, 
which replenishes the species boundary layer at the droplet-vapor interface. This replenishment 
leads to enhanced evaporation following the diffusion kinetics model. 
 
However, the strength of advection in colloid droplets is not significantly high (at zero 
field) in order to improve the evaporation as noted in fig. 2. The role of the particle transport 
within the droplet also requires analysis. In a colloid droplet, the population of the particles at the 
air-water interface and that at the bulk is governed by the adsorption-desorption kinetics of the 
particles with respect to the base fluid [10, 19]. The Peclet number (Pe) is a measure of relative 
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importance of convective transport to diffusive transport. Therefore, at low Pe, diffusion driven 
transport dominates and particle motion within the droplet is strongly controlled by the 
concentration gradient of the particulate phase. The particle diffusivity D can be correlated to the 
particle concentration Φ from the generalized Stokes-Einstein equation as (Yiantsios and Higgins 
[43]) 
 
 
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d
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 
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        (17) 
 
The D0 is the Einstein-Brownian diffusivity, expressed as 0
06
Bk TD
a
 , where kB is the 
Boltzmann constant, T* is a characteristic temperature (taken to be the saturation temperature 
Tsat), and a represents the particle radius. Initially, as the particle concentration is increased, the 
diffusivity decreases due to interparticle hindrance effects (such as steric, electrostatic, magnetic 
(in the present case), etc.). However, the diffusivity increases with further increase of 
concentration, and ultimately diverges at a maximum concentration, Φm. The diffusive particle 
transport, governed by the Pe, plays important role in determining the particle dynamics and 
migration to and from the droplet-air interface during evaporation [44]. The particles residing 
predominantly at the air-liquid interface tend to form a thin film or skin as the liquid molecules 
leave the interface due to evaporation. With time, as the concentration of the particles increase 
within the droplet, the propensity of formation of the skin enhances. This behavior is typically 
notable in case of sessile droplets on superhydrophobic surfaces, where buckling instability of 
the film confirms the formation and existence of such a film [45, 46]. Additionally, the 
hydrophilicity of the particles, the nature of interaction between particle and fluid, presence of 
surface active agents also influence the interfacial adsorption-desorption mechanism and can 
affect the skin formation [19]. 
 
  The particle film-front at the interface is theorized to lead to the colloidal evaporation 
phenomena. The particle skin layer developed at the interface enhances evaporation by localized 
transpiration at the liquid-air interface of the droplet, by the action of the porous capillary 
wicking through the particle layers. The numerous available sites between the particle and the 
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fluid medium draws more liquid front to the interface through nanoscale wicking or capillarity 
[47, 48] and this transpiration enhance the overall rate of evaporation [49]. In addition, the 
ferrofluid droplet shows mild internal advection (discussed subsequently), and thereby the 
diffusivity of the particles is spatio-temporally variant. In case of non-constant diffusivity, the 
particle layering at the interface is a direct function of the particle concentration only [44], which 
explains the improved evaporation rate of the ferrofluid (zero-field) with increasing particle 
concentration.  
 
The interfacial layering and particle skin formation at the droplet-air interface in the 
presence of internal advection currents may augment the transport phenomena. The advection 
currents reduce the thickness of the interfacial layering, and the mixing effect within the droplet 
aids the localized nanoscale capillary wicking behavior. This can further enhance the evaporation 
rate in conjunction to the interfacial shear induced replenishment of the diffusion layer (as 
discussed earlier). Also, the inclusion of nanoparticles reduces the effective heat of vaporization 
of a colloid as [50]  
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In eqn. 18, ‘nf’ represents the ferrofluid, ‘s’ for the nanoparticles and no subscripts represents the 
basefluid. Tbf is the boiling point of the basefluid and Φ is the concentration of the ferrofluid. 
Based on literature report [51], the enthalpy of vaporization can be expressed as  
 
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satf g
TM dP
h
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         (19) 
 
The parameter ( 
1/4
f
M
P


 ) is an empirical constant depending on the surface tension, density, 
and molecular weight of the fluid. The studies show that with ~ 2% volume fraction of the 
particles, the heat of vaporization of the colloids can be changed by ~ 30%.  
 
The vapor mass fraction (Y) shrouding the droplet is directly proportional to the mole 
fraction (x), which is directly related to the vapor pressure at the droplet-air interface. This is 
correlated from the Clausius–Clapeyron equation as   
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Hence, reduction in the enthalpy of vaporization enhances the mole fraction and the vapor mass 
fraction around the droplet. This directly affects the Spalding mass transfer number (BM) as 
1
s
M
s
Y Y
B
Y


           (21) 
where Ys is the mass fraction of the vapor at the droplet surface and Y∞ is the far field mass 
fraction of the vapor. The increase in BM results in enhancement of the evaporation constant (k) 
as. 
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        (22) 
The improved evaporation of the ferrofluids is thus due to conglomeration of the particle film 
formation and change in the heat of vaporization due to presence of the particles. The 
evaporation rate increases with increasing concentration of particles and saturates at higher 
concentrations (fig. 2(b) and (d), 3(b) and 4 (b)). At higher concentrations, the viscosity of the 
ferrofluid enhances and it opposes the evaporation improving factors, such as particle skin 
formation, and internal advection. 
 
4. Conclusions 
The present article discusses the physics and mechanics of evaporation of pendent, aqueous 
ferrofluid droplets and modulation of the same by external magnetic field. The study uses 
detailed experiments to investigate the evaporation dynamics of pendent droplets of stable 
aqueous ferrofluids, and the modulation in dynamics due to the presence of external magnetic 
field. Optical imaging, infrared imaging, particle image velocimetry and interfacial property 
measurements are done in details to shed insight on the physics of the problem. The major 
conclusions from the study are as follows: 
 Aqueous ferrofluid droplets evaporate at faster rates than water droplets. The improved 
evaporation behavior of such colloidal droplets has been explained based on the modulated 
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heat of vaporization due to the nanoparticles, and the formation of thin particle shell structure 
which promotes faster evaporation by capillary action.  
 In the presence of magnetic field, the evaporation rate of the ferrofluid droplets enhance 
further and this depends on the magnetic field strength, concentration of the magnetic 
nanoparticles, magnetic moment of the nanoparticles, etc.  
 Changes in the surface tension, and classical diffusion driven evaporation models are 
insufficient towards explaining the improved evaporation. Internal probing using particle 
image velocimetry reveals changed internal advection dynamics within the droplet due to the 
field. Infrared imaging shows changed thermal states within the droplet due to evaporation in 
presence of field. Mapping the dynamic surface tension reveals that solutal advection is also 
present within the ferrofluid droplet.  
 Two major advection modes, viz. the magneto-thermal and the magneto-solutal advection 
kinetics are deemed responsible towards the internal hydrodynamics. A scaling analysis is 
proposed and the magneto-solutal advection is noted to be the more dominant mechanism. 
The internal advection velocities are also predicted accurately from the analysis.  
 It is shown that the modulation of the associated Stefan flow by the interfacial shear (caused 
by the internal advection) is responsible for the enhanced evaporation. A scaling model 
proposed along the same lines is able to predict the enhanced evaporation rates accurately.  
The present findings may be of importance and have strong implications towards understanding 
transport phenomena in microhydrodynamics systems employing magnetic fluids.  
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